Invasive fungal infections have emerged as important causes of morbidity and mortality in immunocompromised patients. Current culture-based diagnostic methods are often limited to detection of the organism in patients at an advanced stage of disease (1, 10, 23) . Earlier detection of infection permits prompt initiation of antifungal therapy with a greater likelihood for improved survival and reduced morbidity. Because of its ability to detect extremely small quantities of DNA, PCR technology offers the potential for earlier detection of fungal pathogens, allowing earlier initiation of antifungal therapy and perhaps improved chances of survival. PCR technology directly detects the presence of fungal DNA in blood and other normally sterile body fluids with a high level of sensitivity and specificity (2, 4, 5, 8, 11, 17, 21, 22) .
Universal primers common to all fungi have been used as a promising approach for clinical microbiological diagnosis (24) . Thus far, two techniques have been reported to separate different fungi detected by universal primers. These include restriction fragment length polymorphism (9, 14) and hybridization of the amplicon with a specific probe (11) . For example, Hopfer et al. (9) amplified a segment of a ribosomal DNA gene that is highly conserved throughout the fungal kingdom. Using restriction endonuclease digestion of the amplified product, the authors classified medically important fungi into five groups. A similar approach employing the combination of PCR and restriction enzyme analysis was reported by Maiwald et al. (14) .
We present an alternative approach to this strategy by utilizing the technique of single-strand conformational polymorphism (SSCP). This technique includes PCR amplification of a conserved region of the 18S rRNA with further separation of genus and species on the basis of exploiting small but phylogenetically important base pair differences among medically important fungi. As reported by Orita et al. (18, 19) and further demonstrated by others (3, 6, 15, 25) , minor sequence variations in highly conserved DNA segments will cause subtle changes in the tertiary structure that forms in short-stranded DNA fragments after they are denatured. These conformationally different fragments can then be separated electrophoretically under nondenaturing conditions.
Single-strand length conformational polymorphism analysis is performed by electrophoresis of the amplicon from the PCR on a polyacrylamide gel, thus eliminating the need for restriction digestion. The technique of SSCP analysis displays migration of the amplified DNA fragment as a function of its conformational structure as well as its size. Given that the tertiary structure is extremely sensitive to single-nucleotide base substitutions, this method can distinguish different DNA fragments that may differ by as little as a single base pair. Such substitutions may be indicative of a different species or strain, which otherwise may not be detected by restriction fragment length polymorphism on agarose gel electrophoresis. In addition to improved sensitivity for detection of different fungal pathogens, the method eliminates the step of restriction digestion prior to gel electrophoresis and thus permits the amplicon to be run directly on polyacrylamide gels. We therefore investigated the diagnostic potential of SSCP for recognition and distinction of medically important fungi.
MATERIALS AND METHODS
Organisms. Eight isolates of Candida spp., including three Candida albicans, two Candida tropicalis, and three Candida parapsilosis isolates, as well as eight isolates of Aspergillus spp., including three Aspergillus fumigatus, three Aspergillus flavus, and two Aspergillus niger isolates, were studied. Additionally, one isolate each of Cryptococcus neoformans, Pseudallescheria boydii, and Rhizopus arrhizus also was studied ( Table 1 ). All were from patients in whom the organism was thought to be the cause of a medically important infection. Cultures of each isolate were stored at Ϫ70ЊC on potato dextrose agar slants. Cells from cultures of yeasts and conidia from cultures of filamentous fungi were transferred from frozen potato dextrose agar slants, thawed, inoculated onto Sabouraud dextrose agar slants, incubated at 37ЊC overnight, and maintained at 4ЊC.
DNA extraction. For DNA extraction of yeasts, 45 ml of 2% Sabouraud dextrose medium in a 250-ml Erlenmeyer flask was inoculated with three colonies of the isolate from a culture grown overnight. Erlenmeyer flasks were incubated at 37ЊC in a gyratory water bath for 16 to 18 h. For filamentous fungi, 45 ml of yeast nitrogen base with 2% glucose was inoculated with ϳ5 ϫ 10 7 to 1 ϫ 10 8 conidia harvested from potato dextrose agar slants. These Erlenmeyer flasks were incubated at 37ЊC in a gyratory water bath for 16 to 18 h.
(i) Cell harvest. Cells were harvested by spinning down the overnight culture in 50-ml centrifuge tubes by using a swinging bucket rotor for 10 min at 2,500 ϫ g. The cells were washed once in 10 ml of normal saline and repelleted.
(ii) Spheroplast formation. Spheroplasts were prepared by resuspending pellets in 8 ml of spheroplast buffer (1.0 M sorbitol, 50.0 mM sodium phosphate monobasic, 0.1% 2-mercaptoethanol, 10 g [50 to 200 U] of lyticase [L-5763; Sigma] per ml). For filamentous fungi, an additional 600 l of Novozyme, 20 mg/ml (L-2265; Sigma), was added. Pellets were resuspended by vortexing and incubated for 45 min at 30ЊC. Upon completion, spheroplasts were pelleted (swinging bucket rotor for 10 min at 2,500 ϫ g).
Cell lysis. The spheroplast pellet was resuspended with 4 ml of lysis buffer (50 mM EDTA [pH 8.0], 0.3% sodium dodecyl sulfate [SDS]). For filamentous fungi, an additional 500 l of 10% SDS was added. Pellets were vortexed vigorously (filamentous isolates were vortexed for 3 min). Organisms were then incubated for 30 min at 65ЊC. Tubes were once again centrifuged, and the lysate was transferred to a clean tube. Lysates were extracted with phenol-chloroformisoamyl alcohol, and then 4.5 ml of 5 M ammonium acetate followed by 2 volumes of 100% ethanol was added. DNA was precipitated for 1 h at Ϫ20ЊC and recovered by centrifugation with a JA-20 rotor (Beckman) for 20 min at 12,000 ϫ g. A gentle 70% ethanol wash was performed, and the pellets were then dried in a vacuum desiccator, using P 2 O 5 (P-0679; Sigma). These DNA pellets were resuspended in ϳ300 to 500 l of molecular biology grade water (depending on the size of the pellets) and allowed to resuspend overnight. DNA samples were then treated with 10 U of RNase A (R-9134; Sigma) and incubated for 1 h at 37ЊC. DNA samples were checked by running 2 to 5 l of sample on a 1% agarose minigel (data not shown).
PCR. Stock DNA was diluted 1:10 in double-distilled H 2 O in preparation for use as a template in PCR. PCR was performed in a 50-l reaction mixture. The final PCR mixture consisted of 35.5 l of double-distilled water, 4.0 l of a deoxynucleoside triphosphate (dNTP) mixture (0.08 mM for each dNTP), 2.0 l of primer 1 (0.01 g/ml), 2.0 l of primer 2 (0.01 g/ml), 5.0 l of 10ϫ-concentrated PCR buffer (15 mM MgCl 2 , 500 mM KCl, 100 mM Tris-HCl, and 0.01% [wt/vol] gelatin), and 0.5 l of Taq polymerase (2.5 U) (Perkin-Elmer Cetus, Emeryville, Calif.). Amplification by PCR was performed under standard reaction conditions: one cycle of 94ЊC for 5 min, 55ЊC for 1 min, and 72ЊC for 2 min; 29 cycles of 94ЊC for 1 min, 55ЊC for 1 min, and 72ЊC for 2 min; 1 cycle of 94ЊC for 1 min, 55ЊC for 1 min, and 72ЊC for 7 min; and a 4ЊC soak. Oligonucleotides used as primers in this study were RIB1F (AGCTCTTTCTTGATTT TGTGG) and NS6 (GCATCACAGACCTGTTATTGCCTC), which amplify a 197-bp segment of a small nuclear rRNA fungal gene (9, 24) .
Analysis of SSCPs. A 9% acrylamide-1.25% C-5% glycerol SSCP gel was used to analyze the 197-bp rRNA PCR fragment, where C ϭ (bis/acrylamide ϩ bis) ϫ 100%. The gel consisted of 6 ml of Acrylagel (National Diagnostics, Atlanta, Ga.), 0.9114 ml of bis-Acrylagel (National Diagnostics), 1.92 ml of 10ϫ Trisborate-EDTA, 1 ml of glycerol, and 10.071 ml of double-distilled H 2 O (sufficient for preparing two or three Mini Protean [Bio-Rad, Hercules, Calif.] gels). The gel solution was degassed by sonication and vacuum until no bubbles were visible. After the acrylamide solution was degassed, 80 l of ammonium persulfate and 18 l of N,N,NЈ,NЈ-tetramethylethylenediamine (TEMED) were added and mixed to induce gel polymerization prior to the gels being poured. The Bio-Rad Mini Protean II apparatus was used for electrophoresis.
Gels were allowed to solidify for 1 h at room temperature. Solidified gels were set into the buffer chamber containing 0.5ϫ Tris-borate-EDTA running buffer. Aliquots of 5.0 l of each PCR product were mixed with 5.0 l of loading dye (95% formamide, 0.5% xylene cyanol, 0.5% bromophenol blue). Samples were heated to 95ЊC for 5 min and then loaded directly onto gels. A total of 41 trials were performed in assessing reaction conditions.
On the basis of the observation that the ambient temperature in which the SSCP gel is run may influence the pattern, as well as permitting decreased gel running time, we investigated two different sets of conditions. Gels were run at room temperature at 50 V for 3 h and then at 100 V for 1.5 h. Under the second set of conditions, gels with the same composition were run constantly at 4ЊC at 150 V for 4 h. Gels were stained in ethidium bromide-Tris-borate-EDTA solution for 10 min and then photographed.
RESULTS
Under room temperature conditions, the SSCP patterns for all C. albicans, C. tropicalis, and C. parapsilosis strains were identical, demonstrating the same pattern of two closely related bands (Fig. 1) . Under 4ЊC conditions, the three Candida species again retained the same SSCP pattern, which now demonstrated three easily observed bands, two of which were of high intensity and one of which was of low intensity (Fig. 2) . These SSCP patterns of Candida spp. differed substantially from those of the Aspergillus spp., as observed in Fig. 3 and 4 . The patterns seen with SSCP analysis permitted recognition of the genus Aspergillus (Fig. 3) . Differences in the migration of the bands permitted consistent differentiation between A. fumigatus and A. flavus. The SSCP gel patterns of isolates of A. fumigatus and of A. niger were similar. The gel patterns of each Aspergillus species had two high-intensity bands which were well separated in isolates of A. fumigatus and A. niger while being closely adjacent in isolates of A. flavus. The SSCP banding patterns were constant within each strain of a given species of Aspergillus. These relationships of SSCP patterns for Aspergillus spp. were preserved when temperature conditions were changes from room temperature to 4ЊC (Fig. 4) . Thus, these SSCP patterns at two temperatures permitted distinction of the genus Aspergillus, as well as of the individual Aspergillus species, while at the same time being consistent among strains within a given Aspergillus species.
For other medically important fungi, such as C. neoformans, P. boydii, and R. arrhizus, the SSCP patterns of high-intensity and low-intensity bands for these organisms were also different from patterns for isolates of C. albicans and A. fumigatus run under the same reaction conditions, including room temperature (Fig. 5 ) and 4ЊC (data not shown). The SSCP gel pattern for A. fumigatus, as depicted in Fig. 5 , demonstrates two wellseparated high-intensity bands, whereas the pattern for P. boydii is that of two closely adjacent high-intensity bands and three closely associated low-intensity bands.
DISCUSSION
This study demonstrates that the application of SSCP to the analysis of PCR-amplified fragments from the constant region of 18S rRNA genes recognized and distinguished medically important opportunistic fungi, including Candida spp., Aspergillus spp., C. neoformans, P. boydii, and R. arrhizus. We offer this study as evidence of a new technique to be added to probe and restriction digest technology for distinguishing the genus and species identity of the amplicon generated from a set of universal primers corresponding to a highly conserved region of a fungal gene. The use of SSCP offers an alternative approach which may obviate the need for a series of probes and which may permit distinction of subtle variations in sequence often not possible with restriction enzymes. This method of SSCP provides a novel system for potential detection of medically important opportunistic fungi in clinical specimens.
The patterns of fragment bands observed with SSCP depend upon the conditions employed, particularly with respect to the composition of the gel and running of the electrophoresis. Different DNA conformations are elicited as a function of the relative percentages of acrylamide and glycerol within the gel used to analyze the amplicon. Of course, conditions may require adjustment depending upon the gene sequence being studied. Temperature conditions affect both the SSCP patterns and the running time of the gel. When uniform conditions were utilized in this study in analyzing the PCR product of the rRNA genes from different opportunistic fungi, reproducible patterns were obtained. The relationships elucidated by the SSCP patterns among the fungi studied were maintained both at room temperature and at 4ЊC. As lower temperatures permit a shorter SSCP gel running time, the 4ЊC temperature may have applicability in settings where more rapid turnaround of information is essential. As PCR technology reaches stages of automation, incorporation of SSCP at low temperatures could accelerate throughput of these systems. Nevertheless, PCR-SSCP analysis at room temperature, as described in this study, could provide diagnostic information within 24 h. Concurrent use of control isolates of likely fungal pathogens would optimize the diagnostic utility of PCR-SSCP analysis and improve recognition of similar but distinctive gel patterns.
The 197-bp gene segment in this study distinguished Aspergillus spp. at the genus level and further distinguished between the species A. fumigatus and A. flavus. The SSCP gel patterns of isolates of A. fumigatus and of A. niger were similar. Given the pathogenic significance of A. fumigatus and A. flavus, compared with the usually saprophytic A. niger, such a distinction has prognostic and therapeutic importance when detecting the presence of Aspergillus spp. by PCR. Perhaps amplification of another gene fragment may prove to be more useful in establishing this distinction. The 197-bp gene segment in this study also did not distinguish among the different medically important Candida spp. As different Candida spp. may have different prognostic and therapeutic implications, distinction among these Candida species would be clinically beneficial. Thus, amplification of a different segment within the 18S rRNA gene or amplification of a different rRNA gene would permit more distinction among Candida species.
The applicability of PCR-SSCP analysis to detection of fungal pathogens depends upon the gene or gene segment being amplified. A conserved region of the rRNA gene which possesses sequences universally found in fungi and which have only minor sequence variations may be usefully employed for detection of pathogenic fungi in normally sterile tissues and body fluids. The presence of fungi indicated by a positive PCR signal would permit the clinician to initiate treatment with a broad-spectrum antifungal compound. The subsequent identification of a specific fungus, as indicated by the SSCP pattern, would then permit further modification of the therapy; e.g., change of amphotericin B to an antifungal triazole.
PCR-SSCP methods also may be applicable to molecular taxonomy, epidemiologic investigations, and detection of drugresistant organisms, which are currently studied by other molecular methods. For example, SSCP patterns of PCR-amplified rRNA gene segments may be useful in determining the degree of homology of possibly related organisms (13) . Molecular epidemiologic investigations using SSCP analysis may permit detection of subtle differences in PCR-amplified sequences of internal transcribed spacer regions of rRNA genes in delineation of strains of fungi involved in clusters or outbreaks (12) . Variations in tandem repeat segments also may be a useful target of PCR-SSCP analysis for epidemiologic studies (17) . The utility of PCR-SSCP analysis warrants comparison with other molecular epidemiologic tools, such as PCR plus restriction digests, restriction digests plus probes, randomly amplified polymorphic DNA techniques, and electrophoretic karyotyping (16, 17, 20) . Clearly, further studies are needed to explore the utility of PCR-SSCP for these different medical mycological applications, particularly by utilizing other 18S rRNA fragments, other gene targets, and a larger number of species and isolates.
As resistance to antifungal drugs continues to expand, elucidation of mechanisms of resistance becomes increasingly important. Screening for single-base-pair mutations of structural and regulatory genes by SSCP patterns may be a useful tool in understanding mechanisms of antifungal drug resistance. Such mutations have been identified by SSCP analysis in other microbial pathogens. For example, single point mutations in RNA polymerase have been identified by SSCP analysis as a mechanism of resistance in rifampin-resistant Mycobacterium tuberculosis (7) .
Thus, application of SSCP techniques to the diagnosis of fungal pathogens provides a novel approach for distinguishing minor changes in fungal DNA sequences with potential application to rapid molecular diagnosis of invasive mycoses, taxonomic classification of medically important fungi, molecular epidemiologic investigation of outbreaks of mycoses, and elucidation of mechanisms of antifungal drug resistance.
